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ABSTRACT

The investigation of materials specifically for solar cell
applications has as its objective the improvement of solar energy con-
version efficiencies, especially for cells operating in high energy
environments. Silicon containing lithium as an impurity to interact
with radiation damage centers was the principal material investigated.
Solar éells having the n-on-p as well as p-on-n structures were prepared
and radiation tested (NAS5-9131, RCA, Princeton). Prototype p-on-n cells
having lithium in concentrations of the order of 5 x 1017 atoms per cc
in the n-region have shown improved resistance to high energy electron
tombardment. At a dosage of 1015 1 MeV electrons per sq. cm, as high
as 93% of the pre-irradiated short-circuit current was retained, com-

pared to 77% for conventional 10 ohm cm n-on-p cells.

A second material investigated was aluminum antimonide. The
zinc and cadmium diffused p-on-h structure which was investigated
resulted in cells having efficiencies limited to about 1%, air mass one.
'It was concluded that suitably formed junctions less than 1 micron deep
would be required for high conversion efficiencies. However, this was
too shallow to be achieved with sufficiently high doping concentrations

using either zinc or cadmium.

Various mathematical representations of the processing and
irradiation effects were made throughout the program. This permitted
defining the range of processing variables necessary to give required

characteristics and predicted post-irradiation performance of the cells.
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SYMBOLS

Absorption coefficient for wavelength ,Z
= x/2VDt

Output efficiency

Wavelength

Wavelength at which response is one-half the

maximum, corresponding to the absorption edge of

the material

Wavelength at which the response is maximum
Mobility: or 10'bcm, micron

Average mobility

Average mobility in the incremental distance
Resistivity

Minority carrier lifetime

Conductivity

Incremental conductivity

Integrated radiation flux

Electronic charge

Carrier generation rate due to illumination
Subscript, "initial"

Subscript, "junction

Boltzman's constant 1.38 x 10léerg/deg
Depth

Incremental distance

Umpirical recombination factor in diode equation

Average impurity concentration in incremental

distance
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cm‘"1

percent
microns

microns

microns
cm2/volt-sec
Emz/volt-sec
cm? /volt-sec
ohm-cm
micro-seconds
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/em?

coulomb

#/cc-sec

erg/deg
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#/c.c.
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Electronic charge
Diffusion time

Optical penetration depth
Depth

Junction depth

Area of cell
or (depending on context)
Acceptor concentration (permanent)

Boron concentration

Diffusion constant (of impurities)

Energy gap

Optical intensity at depth w,
or (depending on context)
Diode current

Diode current due to photogenerated carriers

Reverse saturation current of diode

Short-circuit current

Ratio of short-circuit currents at conditions

(1) and (2)
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cc alomb
minutes
cm
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m
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N Donor concentration

¥n Concentration of added impurities at distance xj
Mo Toncentration of imourities at surface

R Series resistance

T Temperature

Vs Open-circuit voltage

Vi, Vo Arbitrary voltages (1) and (2)

Jem3

/em3

/em3

ohms

degrees Kelvin
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MATERI, LS DEVZLOPY¥NT FOR SOLAR CELL APPLICATIONS

SINAL REPORT

Contract NAS5-9576

INTRODITCTION

This report covers the research and development work com-
pleted under contract NAS5-9576, "™aterials Development for Solar Cell
Appliéations". The nbjectives of the twelve (12) month program, extend-
ing from 1 June 1965 tc 31 May 1966, were the development and application
of materials specifically for improving the efficiency and radiation
resistance of solar cells. The two main areas investigated were .(1) the
development of silicon solar cells embodying the principle of ion-pairing
of radiation damage with lithium to negate cell deterioration, and
(2) the utilization of aluminum antimonide as a solar cell base material.

In the investigation of the interaction of impurities with
radiation damage, both the n-on-p and p-on-n cell types require the
development of specific processing techniques for the introduction of

lithium in a manner compatible with good cell performance. Further,

" the actual effectiveness of the impurity, lithium, to minimize radiation

induced degradation of the cell's performance must be evaluated. Pro-
cessing methods have been successfully devised for accomplishing high
efficiency p-on-n and n-on-p silicon solar cells containing lithium
concentratioﬁs of 1015 to 1017 atoms per cc in their base regicné. As
a result of the lithium diffused into the basic p-on-n cell, its deter-
ioration under 1 MeV electrun irradiation was found to be considerably
less than that of any of the other comparable types of silicon solar
cells. The processing methods, cell performances, and results of radi-

ation exposures, are described in Section II of this report.
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The second major area of consideration in this program was
the development of aluminum antimonide as a solar cell base material.
Interest in this material arises from its near optimum energy gap for
conversion of solar energy. Its high reactivity to oxyegen and moisture
has not been a specific deterrent in the formation of photovoltaic junc-
tions. Work in the present program has established that the diffusion
conditions necessary to form junctions of adequately low sheet resistance
also produce junctions of greater than 2-3 micron depth. An analysis
based on the optical absorption properties of aluminum antimonide pre-
dicts that the junction depth must be restricted to less than 1-2 microns
in Brder to realizg appreciable conversion efficiencies of solar radia-
tion. To date this has not been found technically possible using the
diffusants zinc or cadmium. The junction and cell properties established
during this program, and various evaluation methods, are summarized in
Segtion JII of this report.

Since the lifetime, or diffusion length, of minority carriers
in the base region of solar cells is the basic property affected by
irradiation, it would be anticipated that improvement in pre-irradiation
lifetimes would reduce radiation damage. In this program it has been
established that various thermai treatments are feasible which would
at least double the initial carrier lifetimes in the cells.. However,
the improved performance under irradiation, achieved by increasing the
initial lifetimes, is predicted to be less that that which is currently
realized by incorporating lithium into the p-on-n cells. These findings

are reported in Section IV of this report.




IT1.

SILICON SOLAR CELLS CONTAINING LITHIUM AS AN INTERACTING IMP'RITY

A, Introduction

The interaction of lithium with radiation-induced damage
centers has been established as, for instance, References 1 and 2.
Application of this principle to reduce the deterioration of solar
cells exposed to high energy radiation was undertaken in the present
program. The objective has been to establish the concentrations of
1ithiuﬁ which are sufficient for ion-pairing with the damage centers,
yet maintain cells of high efficiency. These concentrations should
give‘resistivities which are compatible with the usual solar cell
types; i.e., in the range 1 to 15 ohm cm. Higher or lower resis-
tivities adversely affect the efficiencies of the cells, either by
reducing the voltage, as in the case of high resistivities, or

reduced short-circuit currents in the case of low resistivity. For

- n-on-p cells, these considerations imply starting with p-type material

of low resistivity. Since the acceptors themselves form complexes with
1ithium, Reference 3, the probability of the lithium interacting with

radiation damage centers is consider._.y reduced the lower the initial

‘resistivity (hence, higher donor concentration).

In the case of p-on-n type cells, the converse is true. Suf-
ficiently high concentrations of lithium to give a good probability of
interaction with the radiation damage centers result in low base resis-

tivities and, consequently, low currents.




The pre- .and post-irradiation verformance of n-on-p and
p~on-n silicon cells having lithium difiused in the 'ase region is

given in the followiner sections.

R, MN-on-f Silicon Solar “ells, Lithium Uiffused P-Region

The development of the lithium-doped n-on-p type silicon
solar cells has covered the following aspects:
1., Process Development and Analytical Representation.
2., Cell Types Fabricated and Performance.

1. Process Developmeni and Analytical Representation.

It was early established that diffusion of lithium into n-type
silicon did not readily produce uniform lithium distributions.
Moreover, to obtain uniform distributions in the base required
long "drive-in" times. The amount of lithium introduced for
ordinary conditions (300 to L00°C, greater than 2 minutes)

gives excessively high resistivities. The process atilized

was developed under separate RCA funding (Reference L) and is
outlined in Figure 1. The procedure of removing part of the
initially diffused lithium layer prior to the drive-in or redis-
tribution cycle facilitates controlling the final concentrations
to the desired amounts; i.e., resistivities in the range 0.5 to
15 ohm cm, |

Lithjum Diffusion Procedure: After the silicon surface is
etched using standard solar cell fabrication procedures, it

is coated with a 20% lithium, 0% mineral oil, 1% oleic acid
suspension, The lithium diffusion is then performed in a form-
ing gaé atmosphere for the specified times and temperatures.

The remaining excess lithium is then removed oy physically
wiping, followed by physically removing part of the diffused

layer by etching in HF : HN03 or by lapping.




Regular n-on-p Solar
Cel!l Process

Li-0il Suspension on
Back Surface

n-Type (P + B)

Low Temperature

Diffusion 300-3750C

- —— — . a— o—— — =]

o
emperature
Diffusion

P
/ 92333303
B+ Li
ReFuIar Solar
Cell Processing
n-on-p Cell With

Lithium in p-Region

FIGURE 1, LITHIUM INTRODUCTION PROCESS FOR N-ON-P CELLS
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gell_wgbgigagign_qugegugg_ The n-on-p lithium doped solar
cells were fabricated by standard procedures except that after
the phosphorus diffusion to form the n/p junction, and removal

of the n skin from the back surface of the cell, the lithium

is diffused into the cell by the orocedures descrihed above.

The lithium diffusion parameters principally investigated
were 30 to 120 minute diffusion times at 300°C., The portion
of the diffused surface removed prior to the drive-in step
was generally 1 mil, The lithium redistribution cycle was

standardized at LOOOC for 30 minutes.

Analytical Representations

In the development of n-on-p lithium doped solar cells,
basically two representations of the process are necessary.
One is the distribution of a diffused impurity, or impurity
profile. The second is the final concentration of doping to
be expected for the particular three-step process describec
above, where part of an initial diffused layer is removed, and
the remaining dopant is redistributed in the bulk. The meth-
ods of characterizing, measuring, and predicting these pro-

cesses are described below.

The method employed for determining the distribution of dif-
fused lithium is to successively remove thin sections of the

silicon and measure the sheet resistance of the remaining




portion of the waler. The sheet corductivity of the layer

removed is given (Reference &) by
Ar = qu [ N, {Ax - (Ax)e/QVDt }-AAx]

The assumptions are that the impurity doping follows an error
function distribution, that the value of x/ 21/5—2 is small
'compared to unity (permitting a series approximation of the
error function), and all the lithium is ionized at room temp-
eratures except fur a small fracvion equal to the original

doping of the bulk.

The volue of Np at the surface after removal of a given
layer is readily determined from

N, = No erfc xj /?\[5_;
where Np 1s the concentration at the distance xj from the

surface.

A simpler representation of the change of measurable parameters
of a lithium diffused layer is ohtained by considering the
diffused profile to he a series of layers each homogeneous in
itself, but of different impurity concentrations. Then a sheet
conductivityvmeasurement is a summation of the iner.mental con-
ductivities. Therefore, on the removal of a surface layer,

the conductivity of that layer is

T = " - =n -
g =T - =0 a0
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In botn of the preceding representations of the incremental
sheet conductivity the mobilities are assumed independent of
the particular species of dopant, and are for n-type silicon,

(Reference 6)

16 <N< leolg/cc

u = 300 (19-N) for 10
or

¥ = 5700 - 150 log No2 (erfe xl/ 2}!5:)(erfc x2/ 2\[5; )

Figure 2 is a plot of both of the foregoing representations,
giving the calculated sheet conductivity change versus concen-
traxién. AThe differences between the curves A and B are not
considered excessive considering the estimated values of N
and D . The actual doping profile of lithium diffused sili-

con can be determined from these curves.,

The above analysis was used to predict the sheet conductivity
vergus depth. Figure 3 zives the results of this type of cal-
culation and for comparison, the data for a 42 minute diffusion
at 300°C is also given. The values of the diffusion constant,
D , and surface concentration, N , as used in the calculations
were determined as described in the respective sections "Lithium

Diffusion Constant" and "Surface Concentration of Lithium".

The above is readily extended to the prediction of the results

of the three-step procedure devised for incorporating the

lithium into the regular n-on-p structure. The three steps




Carrier Concentration, Atoms/cm3

1018 | A: Based on Error Function Distribution,

8 |— 1) 61to12x 102 MilZ/Min.

6 |~ B: Based on Homogeneous Distribution —

in Incremental Layer;

4 —  See Note Below /?/
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2 Note: Curve B Cal culated From The Following: |

! (a)g= (925 ~(aps=TLaz, AL
1016 H 1. App. Phys. 544, '5 ]
8 " . =4 Carriers/cm3  ——
6 q = e = 16 x 10°19 Coulomd —
4 T = cmZ/Volt-Sec, Mobility _
AL = Thickness of Layer Containing 7| , cm
2 u = 300(19- Logn)
Zn = 300n(19-Logn)
1 I | )
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9283-3304
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FIGURE 2. COMPARISON OF SHEET CONDUCTIVITIES CALCULATED FROM ERROR FUNCTION
AND HOMOGENEOUS IMPURITY DISTRIBUTIONS
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are surface diffusion, removal of a portion of that surface,
and a thermal treatment to redistribute the dopant throughout
the bulk., The final concentration of lithium can be approxi-
mated using the assumptions that the dopant is distributed
uniformly in the bulk, and the lithium diffusion constant is
the same regardless of diffusion time. Thus, since the resis-

tivity is proportional t> the net doping,
p = 1/qu(N-A)

The donor concentration remaining in that portion of the dif-
fused surface not removed by surface lapping is

2
X

(No/l) f erfc B dB
Xl -

where & is the thickness remaining, 2 = x_-x

x/ENﬁR

=
1

1

@™
[

The resistivity i< then readily determined from (N - A). No
complexing or precipitation processes are considered in this
prediction., The final resistivity as a function of diffusion
time, calculated for several variations of the possible toler-
ances in the dimensions encountered in the processing,is given
in Figure L. Applicable diffusio. imes for the case of
surface removals of 1 mil would therefore be about 70 to 90
minutes to achieve base resistivities of the order of 7 to 15

ohm em for 1 ohm cm starting material,
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Final Bulk Resistivity, ohm cm
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FIGURE 4. PREDICTED FINAL BULK RESISTIVITY AS A FUNCTION OF SURFACE DIFFUSION TIME
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Lithium Diffusion Constant: The diffusion constant for lithium
in silicon has been published (References 3,7 ) as 0.93 x 1072
sq. mil/min. Ixperimentally, the diffusion constant was deter-

mined as 8 x 102 sq. mil/min. This was based on the calcula-

tion of the diffusion constant from

x3§2ﬁ

for 300°C diffusions for respectively 42 and 60 minutes into
25 ohm cm p-type silicon. The difference between the experi-

mental value and the published value is not considered excessive.

used to estimate the surface concentration (solid solubility)
of lithium in silicon.- These methods and the subsequent values
of solid solubilities as determined for 300°C were
a. Junction depth: (3.4 x 1018 per cc): The error
function distribution gives the bulk concentration
at the location where the diffused doping and the
bulk doping are ecual, or
A= No erfe xj/ EWIBE
For 25 ohm cm p-type silicon the bulk doping of
S. x 101k per cc is equalized at depths (junction
depths) of 10 to 12 mils for diffusion times of
L2 and 60 minutes respectively. The diffusion con-
stant of 8 x 1072 sq. mil per min. was used in the

computations.,
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b. Empirical fitting to the mcasured sheet conductivity
profile, assumiﬁg various surface concentrations,
(3 x 1017/cc), as indicated in Figure 3 .
c. Determination from the incremental sheet conductivity
and using Figure 2 (1.8 to 2.2 x 1017/cc).
d. Base resistivity for sufficiently long diffusion times to
produce saturation (1.5 x 1016/cc).
The value of 3 x 1017/cc was considered the best tentative
estimate for diffusion into p-type material of the resistivity

range 1 to 25 ohm cm.

Cell Types Fabricated and Performance

The three-step process was found to give the base resistiv-
jties shown in Figure 5 for the range of diffusion times
shown. A 300°C surface diffusion, removal of 1 mil of the
lithium diffused surface, and a 400°C - 30 minute redistri-
bution cycle were consistently used. What appears as reduced
lithium concentrations with increased diffusion times greater
than 80 minutes was attributed to complexing or precipitation
reactions of the lithium. Based on the results of Figure 5,
the following categories of cells were fabricated.
a. 10 ohm em, Czochralski grown, with a lithium doping
estimated as 5 x 101l/cc.
b. 1.5 ohm cm, float-zone grown, doping estimated as
5 x 101%/cc.
¢c. 1.5 ohm cm, float-zone grown silicon, doping esti-
mated as 9 x 1015/cc for free lithium.
d. 2.5-2.8 ohm cm, float-zone grown silicon, doping

estimated as S x lols/cc.
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The basic parameters and performance of these cells are given

in Table I. It is apparent that lithium does not adversely

affect the attainable efficiencies. Also, it is concluded that

not only has the process per se failed to introduce lithium
in substantial concentrations within a diffusion length of the
Junction, but it is not of sufficient concentrations to affect

radiation damage results.

The voltage-current characteristics of representative cells
from these groups are given in Figures 6 and 7. The effect of
decreasing the current and increasing the open-circuit voltage
as the base resistivity decreases is generally apparent in
these cells, which would indicate the progressive increase in

lithium concentration effected with the changes in processing.

The degradation produced by 1 MeV electrons h:s been evalu-

ated as summarized in Table I. The minority carrier diffusion
lengths after 1015 1 MeV electrons/em? for the cells containing
lithium ranged from 28 to 37 microns for the types tested. Thi

is considered within the range characteristic of 2 to 10 ohm em

conventional n-on-p cells, namely 24 to 32 microns. It is con-

cluded that any radiation resistance differences noted for the

various amounts of lithium incorporated in the n-on-p cells is

the

more a characteristic of the resulting variation in base resist-

ance than attributal to damage center-impurity interaction.
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COMPARISON JOF RADIATION DAMANT OF VARIOUS TYPWS D7 N-ON-P CELLS

Initial Resistivity
ohm-cm

Crystal Type

Final Resistivity
ohm-cm

Li, est. froT/Q

. Voc » volts

IgomA

N (max.) = percent

Li Diffusion Time
minutes

Li Re-Dist. Time
minutes

Carrier Lifetime
microseconds

T4 (microns)

Tat g =1 x 1015
(microns)

References:

1, page 26
2, page 30

HAVING LITHI'™™ DIFFUSED P-REGION
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P-On-N Silicon Solar Cells, Lithium Diffused N-Region

Performance of P-On-N Cells

P-on-n cells havins a lithium diffused n-region were prepared
from silicon having a broad ranze of initial properties. The
pre-irradiated average photovoltaic performance of the various
classes of cells is given in Table II. The products of Ige x Vi
show that a wide range of conditions ylelds the approximately
same final cell efficiency. Thus, no specific silicon, either
with respect to original growth mechanism, conductivity type, or
resistivity, appears to be the factor critically affec“ing the

efficiencies of the cells.

0f particular note for the p-on-n type cell is the relatively

low lifetimes as ilkustrated in Table II compared to that obtained
for n-on-p cells. This problem is related to several factors,
such as the relative compensation used in tﬂe initial silicon or

the effects of heavily doping with lithium,

Typical V-I photovoltaic curves of the various categories of
cells are given in Figures 8, 9, and 10. While the averages
of the cells, as illustrated in Table II, give cells of poten-
tially nearly equal efficiencies, a wide spread in individual
cell performance is evident. The factor limiting the current
appears to be the relatively low minority carrier lifetimes
experienced with these particular groups of p-on-n cells. It
is to be noted that the unusually high open-circuit voltages
of 0.595 volts were obtained under extreme differences in
starting materials, namely for 16-18 ohm cm n-type as well as

100 ohm cm p-type, both float-zone.

&
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TABLE II

PERFORMANCE OF P-ON-N CELLS

Starting Material V-1 Performance
(Averages) C:i:;anzm 7 max Lifetime
Conductive Growth _o Tec Voo mw‘é;;r (o.un'("r;f;voc@ A
Type Method ohm cm ma volts % % usec
n F.Z. 16-18  L9.5 .575 28.L 11.7 1.0-5.0
n Lopex  12.5 h9.5®.525 26.0 10.8 0.5-1.5
n F.Z. 10 L9.5 .585 29.0 12 0.3-1.5
p F.Z, 100 $0.2 .565 - 28.h S 11.7 0.6-2
P F.Z. 50 u8.3 .s590 . 28,5 11.8 2.544.0
P C.G. 25 Sk .590 32.1 13.1 3 -10
note: CE> 12.5 ohm cm cell size 0.2 x 0.2k inch;. : current as listed calculated

for 1 x 2 cm size; voltage of 0.525 for 0.24 x 0.24 size but would be
higher for 1 x 2 cm size,

Fi111 factor of 0.L1 used as corrective value to estimate efficiency
obtainable from "average" cells. For n-on-p, 1 x 2 em, 1 ohm cm
cells, fill factor of 0.L43 is characteristic of 13% efficiency.
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FIGURE 9. VOLTAGE-CURRENT CURVES REFRESENTATIVE OF P-ON-N CELLS,
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FIGURE 10. VOLTAGE-CURRENT CURVES REPRESENTATIVE OF P-ON-N CELLS,
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A very evident problem is illustrated in i-ures 11 and 12. The irradiac
curve characterized as "S"-shaped occurred for a few of the cells under
two conditions, either after storage at room temperature or durirg
silicon ronoxide ccatinz. Tiourell shows the effect of storave;

the same type of chanee has been ohserved to occur during opti-

cal coating. Although the exact control of this effect has not

been established, it is measurable as an increased series resis-

tance and is removable by heat treatment as shown in Fisure 12.

radiation Damage Performance of P-On-N Cells

Irradiation tests have been made on representative cells by
both the RCA Laboratories, Princeton, New Jersey, and NASA,
Goddard Space Flight Center, Greenbelt, Maryland. It is expec-
ted these organizations will report their finds under separate
cover. The following presents some of the early findings for

1 MeV electron irradiations performed at the RCA Princeton

Laboratories.

Figure 13 presents the results of 1 MeV irradiations in terms

of change in short-circuit current. The data points for indi-
vidual cells at 8 x lOlh, 2 x lOlSand lO16 electrons/sq. cm show
the improved resistance to high energy radiation realized for
the lithiwm diffused p-on-n type silicon solar cells. The

final values of short-circuit currents for the two cells
irradiated to 1016/sq. cm are given with that of a typical

10 ohm em n-cn-p cell. This illustrates that the lower per-
centage change of the p-on-n cells results in hisher performance

cells, even though their initial efficiencies are helow those of
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FIGURE 13. ELECTRON IRRADIATED SHORT-CIRCUIT CURRENT DEGRADATION OF SILICON
P-ON-N SOLAR CELLS HAVING LITHIUM DIFFUSED N-REGION
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29



B e buemsy e

Curint, mA

.60

50

40

30

20

10

[ 13.3% Net Decrease in g

A 1= 10.4%
| ]

Curve A, Before lrradiation

Curve B, After Irradiation, 1 MeV Electrons, \
1015 Per sq cm, Recovsry Period of

2 Months, Storage at Room T.nperature
Cell: #571, 16-18 ohm cm Float-Zone, n-Type,

Lithium Diffused at 3009C - 30 Minutes.

0.1 0.2 0.3 : 0.4 0.5

Voltage, Volts

FIGURE 15 ELECTRON IRRADIATION EFFECT ON PHOTO"'SLTAIC RESPONSE
OF P-ON-N LITHIUM DIFFUSED CELL #571

30

0.6



(S ]

tyvical 10 ohm em n-on-p cells., The voltape-current curves for
cells “547 and “571, before and after irradiation, are given in
Fipures 1h and 1. The time period for the recovery to occur in
this instance was about two months; however, this is not typical.
Recovery time was found (?CA-Laboratories, Princeton) to depend
on irradiation rate and for cells prepared subsequent to the
#549-#571 series, times of the order of minutes were observed.

Process Fvaluation

The distribution of the performance characteristics of a eroup
of 30 similarly processed cells was analyzed to evaluate the degree
of process control achieved. The performance characteristics are

summarized below:

Voo (volts) 0.5%0 0.605 0.565
Ige (ma) sL.kL 8.0 51.2
9 » percent, at 0.L9 volt 12.9 14.2 10.1

The degree to which the data fits a normal distribution is evalu-
ated, respectively, for V,., Igey, 72 max. in terms of the linearity
of the data plotted in Figure 16, Since the total number of cells
is somewhat limited, the significance of the highest and lowest
data eroups can be minimized. As indicated by the linearity of
most of the data groupings presented in Figure 16, the respective
parameters have approximately normally distributed values. This
demonstrates that reasonably good control has been achieved in the
over-all processing of the p-on-n type cells, presupposing uniform-

ly distributed properties of the starting silicon.
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Conclusions

It has been successfully demonstrs-.ed t. -t o-on-n =ilicon snlar
cells cortaining a lithium concentration of 1 to £ x 101" /cc

in the base region recover from the desradation effects 2{ hich
enerey electron irradiation. 7The amount of, and period renuired
for recove~y, are dependent on the amount and rate of irradia-

tion. '

Considerably more evaluation of thic type of cell must be made

srior to classifying it as a truly operational device. Inter-

action of processing variables and mdaterials renuire iurther -
investigation to establish the effects of actual lithium con-

centration with dislocations, oxygen content, and other impuri-

ties. Performance under various storage and environmental con-

ditions will have to be evaluated.
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Free o tne stgnidralnt - C ¢resretincgl effiniency under the ezlar
apectram, 8l riar anti=anite, w ‘rh has an enersy gap 7 1.5 v, is
coneiderad a near {4eal snlar re’]1 ase material, However, {t readily
reacts with moisture and oxygen, and is therefore one cf the more diffi-
cult semiconductors to work with.

The development of aluminum antimonide solar celi.s was under-
taken initially by RCA-Mountaintop, under NASA Contract NASS-3286, 195L-
1965. Various p/n and n/p junction diffusion methods and contact
materials were investigated. Results showed that the large area junc-
tions which are required for solar cells could be achieved by impurity
diffusion methods. Open-circuit voltages as high as 0.7 volts were
achieved: however, cell efficiencies were less than one per cent, air
mase one. A characteris’ic "S" pattern was continuously encountered
in the photovoltaic V-I curves, as illustrated in Figure 17.

Since electron bombardment of AlSb effectively introduces
donors, the work in the present proeram, NAS5-9576, has been concentrated
or. the p-on-n type cell. Cell characteristics were improved through
refinements in diffusion and the development of a low resistance n-surface
contact. Cell efficiencies have not appreciably improved. The limiting
factor is that the zinc and cadmium used as the p-type diffusants char-
acteristically form junctions about 5 mils deep. It has been concluded

that this is too deep for efficient conversion of solar radiation,

especially since no appreciable curreat generation has been observed
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to nccur in the front wall reeion »f the cells. ‘etails of the proce-
dures and materials evaluated, and improvements in cell characteristics,
are gummarized in the followins sectinns according to

1. ell Nesigen

2. FProcess Development

3., Solar Cell Performance

E. Cell Design

The mobilities of the current carriers are of the order of
LO to 200 cm?/(sec-volt) for aluminum antimonide. Also, the lifetimes
of minority carriers are very low, of the order of 1 to 0.1 microseconds
or less. These factors severely limit the volume of the aluminum antimo-
nide which can effectively convert the solar radiation.

Figure 18 gives the distance in AlSb for $9% attenuation of
incident radiation for wavelengths in the region 0.4 to 0.8 microns.
The currents to be expected at given wavelengths of equal energy (Ref-
erence 8 ) are represented in Figure 19. From Figure 19, on a quali-
tative basis, the optimum junction depth is about 2 to 5 microns,
provided current collection is realized within a distance of about 10
microns beyond the junction and 1.5 to L microns from the region
between the junction anc front surface. If no current collection occurs
from the optical absorption in the front wall rezion, then a junction
about 1 micron deep, with a diffusion length of about 10 microns, would
convert a relatively large fraction of the incident energy.

The actual location of the junction can be estimated from the

short-wavelength constant energy spectral response by the procedures
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~utlined in fopendix I »f eference 8 . i-ure 20 ~ivos the Sinction
deptn in terme 0 the s drt-circiit ~arront rating at the vavelorstns
S and N,y microns. ~his has served as a non-destrictive —eans of

measuring junction “evths in the various diffusion tests ZJescribed

under the section "MNiffused Junctions in Al :minum Anti-onide.

(@]

. Processing Nevelopment

The following =ections describe the proeress in the various
phases of process development, includins:
1. Pre-Diffusion “urface Prepzration.
2, Diffusion Procedure and NDetermination of Zinc Diffusion Constant.
3. Contact:.
L. Post Diffusion Surface Ztch and Effect on V-1 Characteristics and
Spectral Response.
1. Pre-Diffusion Surface Preparation
Aluminum antimonide when exposed to air develops a highly
resistive surface, consisting of aluminum and antiniony oxides.
Various surface treatments have been evaluated in Reference 10
to eliminate these oxides. The etchants were
HNO3 with formic acid, in various ratios,
HNO4 with H250),, and HpQ with HF,
Five parts H.22 with one part H7 gives a bright smooth surface
similar to that zchieved for Si and “7als.

Diffusion Procedure

The closed-tox system for diffusion of 2zinc, similar to that
used for ~7allium arsenide solar cells, and used in the MAS5-3665
proaram, continued to be satisfactory. Diffusion temperatures

were from %0C to 75C°7., Times of 2 to 25 minutes were evaluated.
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Tharacteristics of inc JiTfused ninctions in Aluminum ‘ntimonide

Th= innction denptres acnieved for tractical rances of FiYMeion
tirme and temperature are shown in 1 -ire 21. lhe Tiac iU Iision
is accomplisred usine the closed hox (iifusinn methHd described
in ¥eferencell. "he open-circuit voltaces as indicated show
that helow Aiffusion temperatiures of about 6507 and for ciffu-
cion times of less than abont 3 minutes at temperatures up to
about B0CO7, the C,7 to 0,8 volts capability of aluminum anti-
monide is not realized. Temperatures above 8000C are not
practical due to the onset of ther 1 decomposition of the
aluminum antimonide. In between these limits, the junction
depths are greater than 5 microns, which since there is little
collection from the front wall of the device, restricts the
efficiency of the cell. Most of the incident radiation of the
spectral region of interest, O.4 to 0.8 microns, is absorbed
within about 10 to 15 microns of the front surface (see Reference 8{.
With little energy conversion arising from the front wall region,
and only a fraction available from absorption in the region beyond
the junction, the efficiencies would be expected to be severely
limited. For this type of cell, etching of the front surface to
reduce junction depths has not been satisfactory due to the
appreciable reduction in open-circuit voltage.

Characteristics of Cadmium Diffused Junctions in Aluminum
Antimonide

Figure 22 presents the approximate junction depth obtained by diffusing

cadmium into aluminum antimonide at varioue times and iempera-

tures. The results are similar in treatment to those obtained

for zinc. Below 70C°C the solubility is insufficient to yield
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satisfactory open-circuit voltages. For higher temperatures,
diffusion times above about S minutes are required to give
satisfactorv 'oltages, [For these conditions, the jiunctions are

too deep to yield hich efliciency cells.

Contacts

The various elements and compounds evaluated as contact

materials were as follows:

Zn:In (Good physical contact to p layer, but indication of
shorting through the junction).

Pb (Ultrasonically soldered), good ohmic contact to n-type).

Ce (Acts as p-type dopant).

Li (High resistance on n-type).

In (Acted as p-type dopant, high resistance).

Ti:Az (Non-ohmic to n and p AlSbH).

Ag Epoxy, Ag Evaporated (Non-ohmic to n and p Al1Sb).

The results were that Ce is very reactive in air at medium

temperatures, 300°7, to produce decided p-type doping. The

ln and L1 were ineffective as either ohmic contacts or as

donants. The Pb, especially when ultrasonically soldered,

considerably reduced the resistance of the contact tc n-type

aluminum antimonide.

Of particular note was the success of Pb to eliminate the
apparent double junction effect in th2 photovoltaic V-I charac-

teristic, as noted in Figure 23.
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L. Post Diffusion ‘urface “tchins, tffect on V-I Characteristic

A post diffusion surface etch consisting of immersion in five
parts Ho0> and one vart HF, successively for 3 tc L seconds
was used to remove surface films and to generally improve the
short-circuit current output of the cells. The effect of
repeated etching is given in Figures 24 and 25, showing the
changes in respectively the V-I and the spectral response

characteristics.

D. Cell Performance and Diode Characteristics

The aluminum antimonide principally used consisted of (100)
orientated wafers from the two crystals (Bell and Howell) listed

below:
A1Sb Crystals Used in P-on-N Cells

Bell and Howell Carrier
Crystal No., Orientation Density Mobility Resistivity

atome/cm3 cm?/volt-sec. ohm cm
79 (100) 1.22x1017 175 0.294

67 (100) 1.01x1017 165 0.37k

The primary means of evaluating cell performance has been the
photovoltaic V-I characteristic under several conditions.

For quantitative measurements, 280C°K, 3LOC°K and 5800°K
sources, calibrated for 10C mw, were used.

The V-I curves for various Zn and Cd diffused cells are

jllustrated in Ficures 26, 27,and 28. It is seen that the general
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Relative Response

A. Before Etching Front Surface
B: After Etching Front Surface

|| Note: 1. Constant Energy Spectral Response.

2. Amplifies Gain For Curve A is Twice
The Gain For Curve B.
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FIGURE 25. SPECTRAL RESPONSE OF ALUMINUM ANTIMONIDE SOLAR CELL AND EFFECT
OF SURFACE ETCHING ON SPECTRAL RESPONSE
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shave conforms to the idealized photovoltaic enuation, nawely

1= 1. -7, (e n¥/nkily)

Very low Tge is exnlained on the hasis that the junctions are
too deep and the diffusion lenesth of carriers too short for optimum

energy conversion of the C.L to 0.8 spectrum.

Diode Characteristics, Netermination of Basic Parameters

The general form of the photovoltaic diode equation is

where the terms have their usual significance.

I

o is the reverse saturation current.

is the generated current.

IL
V - is the applied voltace.

n - is an empirical factor proportional to
the recombination currents in the junction.

a - is the electron charee.
k - is Roltzman's constant.
T - is the temperature, decgrees Kelvin.
R - is the series resi:tance.
For low values of I, the series resistance tern can be neglected.
The two boundary conditions,
V = Vye for I = o
and
I = Ige forV = o
defines the various parameters. Thus, for the case of no illumina-

tion,

otherwise




2.

The individual parameters are therefore given by

VOC‘ = (n/38.6) In (Isc/Io + l)

Io (e 38.6 Voe/? _ 1)

I, = Tgo/(e 38.6 Voe/M- 1)

n = 38.6V/In(I/I, +1) or 38.6V/In I3(I5-I;)
where

38.6 - is the value of q/kT at room temperature
and

V1 - is an arbitrary low voltage sufficient
that I1R is negligible in comparison,
non-illuminated case.

I; - corresponds to Vj.

Tp - corresponds to V2, for which I2R is still
negligible compared to V2 and V2 = 2 Vi,

The results of analyzing the dark and illuminated V-I charac-

‘teristics of the A1Sb cell shown in Figuree 29 and 30 were

for Vo, = 0.62 volts, Ig, = Iy = 0.5 x 10738

I, = 0.13 x 1070 a,

n = 6,6
Substitution of these values in the original diode equation, and
plotting I versus V gives a reasonable regeneration of the illumin-
ated V-I characteriscic, as shown in Figure 29.

It is concluded since I, is reasonably small, that the junc-

tion approximates that of a good diode. On the other hand, the
n value of 5.6 is high compared to GaAs, 2 to 3, and indicates a
high level of recombination of carriers occurring within or neur the

Junction.
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Spectral Response

The spectral response curves for tynical aluminum antimonide
cells are given in Figures 25 and 31, The wavelengths of peak
response and half maximum amplitude (absorption edge) as a function.
of the diffusion time is given in Figure 32. The absorption edge
of A1Sb is 0.78 microns., From the spectral response, the values
range from 0.59 to 0.72 microns, as included in Figure 32, Decrease
of the red response associated with increasing diffusion times,
except for the 20 minute region, is explained on the basis that the
deeper junctions .ctually approach the depth corresponding to the
absorption edge of aluminum antimonide, about 10 microns. As this
limit is reached, proportionately less current is collected from

the back-wall region than from the front-wall region of the cell.

. The shift of the peak response wavelength to shorter wavelengths

as the diffusion time is decreased is explainable on the basis of
the very short lifetimes encountered in aluminum antimonide. For
the shorter diffusion times, carriers generated in the bulk, cor-
responding to the long wavelengths, have such a short diffusion
length, that they simply do not reach the shallow junctions to con-

tribute to the current.

Radiation Effects and Envirommental Tests

Radiation %ffects

The end result of irradiation for pertinent solar cell mater-

ials is:
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Vaterial nd “esu2lt of Irradistion “eference

Si recomes intrinsic 12
AlSb tecomes n-type 12
Saks becomes intrinsic b

The choice of n-type Al%t as the base material therefore
minimizes the probability that the radiation introduced defects,
effectively donors, will appreciably .ffect the over-all cell
performance.

Since cell efficiencies to date have been less than 37,

irradiation tests of state-sf-the-art cells have not heen made.

Environmental Tests

Qualitatively it 1as been observed that severe problems exist
in two specific areas; junction edges, and the junction proper. To
obtain reliable readings on cell performance, the cells must be
edge cleaned prior to testing, e¢specially if an elapsed time of
more than L hours has occurred since the last edge cleaning. Sur-
face oxidation is of course expected. Over a period of LE hours,
it has also been observed on occasions that a junction previously
capable of an open-circuit voltage of 0.76 volt decays to about
0.L volt, even when stored in a desiccator and the edge cleaning
is reprated. These effects emphasize the importance of develoning

a surface passivating ccating.

Conclusions

Aluminum antimonicde continues to show promise as an ooctimum
solar cell materizl. The spectral responze of prototype solar

cells has closely matched the solar spectrum. Cells having 17
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efficiency, air mass one, have been achieved. These cells are
lacking in suitable front surface contacts and do not have optical
anti-reflective coatings. Developments in both areas will cer-
tainly further improve this type solar cell.

The main factors limiting the performance of the cells to
about 1% efficiency is the deep junctions cinaracteristically formed
by the diffusants zinc and cadmium. The requirement is therefore
a sufficiently soluble slow diffusing dopant, a unique diffusion

technique, or a combination diffusion-surface etch method.
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MISCELLANEOUS DEVELOPMENTS

Thermal Annealing To Improve Carrier Lifetime

The severe degradation of minority carrier lifetimes during the pro-
cessing of solar cells and lack of significant effect on performance has been
noted in a previous development program, NAS5-4L5T7, Reference 12, "Radiation
Damage to Silicon'". The lifetime of minority carriers as measured in completed
cells is nearly independent of the lifetime observed in the starting material.
For example, both 200 and 900 microseconds for the initial material deter-
iorated to 10 to 15 micrcseconds for typical 10 ohm cm n-on-p ;ilicon solar
cells. The relative effects of both the diffusion and contact sintering cycles
on minority carrier lifetime have been determined in the present program, as
illustrated in Table III. In Column 1, a bar of silicon, 0.25 x 0.25 x 0.875
inch, was degraded from an initial 200 microseconds lifetime to 10 microseconds
by the 875°C - 25 minute diffusion thermal cycle. (No diffusant was present in
the diffusion tube.) Column 2 shows that a slow cool from 200°C to room tem-
perature improves the final lifetime only slightly, to 14 microseconds. A thermal
annealing cycle of hSOOC for 5 hours restores the lifetime to 21 microseconds,
Column 3. Increasing the annealing time to 20 hours did not increase the life-
time beyond the 21 microseconds. It is significant that the thermal cycle of
605°C for 5 minutes, conventionally used in sintering the Ti:Ag contacts, re-
duces the 2l-microsecond bar to 14 microseconds, as illustrated in Column 5. A
repetition of the sintering cycle, Column 6, shows that a second sintering cycle

further reduces the carrier lifetime to 10 microseconds.
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Two questions arise from this data on the recovery of minor-
ity carrier lifetime by thermal annealing. What is the effect on
actual cells, and what would be the probable ultimate effect after
irradiation if initially hich lifetimes were possible? Two groups of
twenty cells each were thermally annealed at 1,00°C for 5 hours. The
power-output at 0.46 volts for both groups increased by at least 3.2%
and as hich as 12%. The changes noted for one group of 20 n-on-p produc-
tion type cells are illustrated in Figure 33, before and after annealing,
respectively.

The significance of increasing the initial lifetimes (diffu -
sion lengths) on final performance under high energy irradiation can be
estimated from the usual relations

(1/472) = (1/14%) + K¢
and
Ige = Aagols
The carrier generation rate, g, , as a result of the spacial distri-

bution of optical absorption, is dependent on L A qualitative

e
prediction of the final performance of cells with initially

long diffusion lengths can be made by calculating the final dif-

fusion lengths as a function of irradiation dosage. Figure 34 shows

the calculated final diffusion lengths as a function of irradiation for
nominally 10 ohm cm p-type silicon, based on the assumption that the
defect introduction rate X does not appreciably vary with either dosage
or initial diffusion lenzth. It is evident that for dosages up to about
1013 electrons per sn, cm, very high initial lifetime material would
possibly exhitit some improvement in radiation resistance. However, at
dosages "-.1}>oxr<341031')'l electrons per so. cm, the difference between cells

havine 200 or 1000 microns initial diffusion lengths would be indis-

tineuishable.
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It is concluded that even though increased initial efficien-
cies can be realized by thermal annealing procedures, the performance
at irradiation dosages above 101L electrons per sq. cm would not* bhe
improved. With respect to the lithium diffused cells, Section II,
thermal annealing to achieve initially high diffusion lengths would

not vield cells having as high a performance in high energy environ-

ments.
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TARLE IIT

EFFECT OF VARIOUS THFRMAL TRFATMTWNTS ON MINORITY CARRI®R LIFETIME

1 2 3 n 5 6
Crystal Type C
Conductivity Type P
Initial Resistivity, ohm cm 24-38
Initial Lifetime, microseconds 200
Heat Cycle: | Temperature, °C 875 875 605 605
Time, minutes 25 25 5 5
Gas N N H H
Quench: High Temperature, °C 875 875 605 605
| Final Temperature, °C 27 200 27 27
Rate, °C/hr. 7200 270 2300 | 2300
Lifetime, microseconds 10 1 1k 10
Anneal: Temperature, °C L50 | LS50
Time, hours 5 20
Gas
Quench: High Temperature, °C L50 | LSO
Final Temperature, °C 200 | 200
Rate, °C/hr, 167 | 167
21 21

Lifetime, microseconds
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Developments in this vrosram which may he categzorized as

revortable under "Vew Technoloey"” are summarized below:

1,

P-On-l Lithium "iffused “ilicon ‘olar ell (as a new or imnroved
device'. ™ased on the findines of MNA35-9121 (P74, Princeton) and
related prozrams, a p-on-n silicon solar cell containing aporoxi-
mately 1017 lithium atoms per cc in the base region was developed.
Cell voltage-current performance was comparable to convent.onal
n-on-p and p-on-n silicon solar cells, with the best efficiency
being lbf, air mass one. The resistance of this type of cell to
high energy irradiation has heen found markedly superior to any
similar type of cell heretofore developed. Processing methods and
device characteristics are reviewed in Section IT -B of this
report.

N-On-P Lithium Diffused Silicon Solar Cell (as a new or improved
device). Rased on the findings of NAS5-9121 (27, Princeton) and
related programs, an n-on-p silicon solar cell containing 101q to
1016 lithium atoms per cc in the base rezion was developed for the
purpose of evaluating the interaction of lithium with radiation
damage centers. The cell efficiency and radiation performance is
comparable to conventional n-on-p cells. Processing methods and
device characteristics are reported in Section 1I -A of this

report.




3.

~HA-

Aluminum Antimonice P-On-M Solar Cell (as an improved device).

1 x 2 cm cells have been prepared by diffusing zinec or cadmium into
n-tvpe aliminum antimonide. State-of-the-art ce.ls have conver-
sion efficiencies below 37. Deterioration of the cell performance
is evident when exposed to air for prolonged periods of time. The
contact materials are ultrasonically soldered lead(n-type) and sil-
ver (p-type). Cell processing and characteristics are presented

in Section ITI of this report.

Boron Nitride Diffusant Source (as new application of older tech-
nologv). Roron nitride had been used as a diffusant source in the
processing of transistors prior to its utilization for solar cells.
This program constitutes ite first known use for solar cells, specif-
ically whereby junctions 0.5 to 0.7 microns are formed. The boron
nitride surface is etched with HF: 3 Hy0 pr or to diffusion. For
solar cell ayp” -~tions, diffusion at 975°C. 7~ minutes, gives
approximately the same sheet resistance (5¢ *: 65 ohms per square)
and junction depths obtairned using the mor: c.nvetional phosphorus
diffusions of 25 minutes, £875°:,

Lithium Yitride as Diffusant Source ‘as new technology).

Powdered lithium nitride has heen usesd successfully as a source

for diffusine lithium into silicon. “The results are illustrated

in Figure 33 giving the bulk resistivity achieved for 30 and SO
minute diffusions into 1.5 ohm cm n-type float-zone silicon. About
50°C higher temperatures are reauired using lithium nitride than the
lithium-0il suspension to achieve the same concentrations in the

bulk silicon.
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VI.

CONCLUSIONS

The p-on-n lithium diffused silicon solar cell is a major
break-through in the search for a radiation resistant energy conversion
device. Highly efficient cells can be made from either p-or n-type sili-
con of a very broad range of resistivities. However, the differences
in radiation resistance of cells having these variables require further
evaluation. Also, there are numerous anticipated interactions between
the lithium and other material properties as dislocations and oxygen
content. These reactions require evaluation specifically in solar cell
structure and for enviromments to which it will be expcsed. .

The application of aluminum antimonide as a solar cell base
material of near optimum energy gap is as yet in a preliminary phase of
development. The major problem is to keep the junction within the depth
restrictions of about 1 micron as imposed by the short diffusion lengths
of optically generated carriers. While the requirements of a suitable
junction have not been found technically feasible using zinc or cadmium,
modifications of the conventional diffusion methods may resolve this

problem.
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